The reproductive costs associated with the upregulation of immunity have been well-documented and constitute a fundamental trade-off between reproduction and self-maintenance. However, recent experimental work suggests that parents may increase their reproductive effort following immunostimulation as a form of terminal parental investment as prospects for future reproduction decline. We tested the trade-off and terminal investment hypotheses in a wild population of house wrens (Troglodytes aedon) by challenging the immune system of breeding females with lipopolysaccharide, a potent but nonlethal antigen. Immunized females showed no evidence of reproductive costs; instead, they produced offspring of higher phenotypic quality, but in a sex-specific manner. Relative to control offspring, sons of immunized females had increased body mass and their sisters exhibited higher cutaneous immune responsiveness to phytohaemagglutinin injection, constituting an adaptive strategy of sex-biased allocation by immune-challenged females to enhance the reproductive value of their offspring. Thus, our results are consistent with the terminal investment hypothesis, and suggest that maternal immunization can induce pronounced transgenerational effects on offspring phenotypes.
INTRODUCTION
The trade-off between present and future reproduction is fundamental to life-history evolution [1, 2] and influences parental investment strategies because increased investment in current offspring reduces residual reproductive value [3] [4] [5] . Aside from trade-offs between present and future offspring, research foci have broadened to include trade-offs across life-history functions as it is generally thought that the optimal balance among growth, reproduction and self-maintenance maximizes individual fitness [6] . Resource-allocation theory suggests that an individual's investment in immunity should necessarily reduce its ability to invest in reproduction, and vice versa, when resources are in short supply, and this trade-off has been the subject of considerable study across a variety of taxa [7] [8] [9] [10] . Indeed, recent reviews and meta-analyses generally conclude that both the maintenance and activation of the immune system are physiologically taxing, and can lead to reproductive costs [11] [12] [13] .
Despite the apparent ubiquity of the trade-off between reproductive effort and immunity, exceptions have been reported [14 -17] . Recent work suggests that, even when the immune system is activated during breeding, individuals may continue to allocate scarce resources to reproduction if the immunostimulation provides a cue to impending illness and increased mortality risk and, consequently, a reduction in residual reproductive value [15,18 -21] . Such findings are consistent with the terminal investment hypothesis, which predicts that individuals with a low probability of future reproduction (i.e. low residual reproductive value) should increase their current reproductive effort relative to those with higher residual reproductive value [22, 23] . The terminal investment hypothesis predicts that if an individual perceives its prospects for survival and future reproduction have been jeopardized, then it should boost its current reproductive effort because it will probably be that individual's last chance to reproduce. Thus, terminal investment is expected from parasitized individuals if the immunostimulation provides a cue to their reduced survival prospects [18 -21] . For example, Weil et al. [20] elicited an immune response in male Siberian hamsters (Phodopus sungorus) in concert with decreasing day-length, and found that immune-challenged males maintained larger testes, larger seminal vesicles and higher circulating testosterone than control males as day-length shortened, indicative of an oncoming winter. Immune-challenged males produced more sperm than controls, demonstrating increased reproductive effort despite the simulated infection [20] . Thus, terminal investment might be expected from seasonally breeding individuals that are less likely than others to survive until their next reproductive opportunity.
In this study, we tested the trade-off and terminal investment hypotheses by inducing an immune response in breeding female house wrens (Troglodytes aedon). We injected females with lipopolysaccharide (LPS) near the end of their breeding season, failed their current clutch of eggs and monitored their subsequent reproductive success. We predicted that, if immune-challenged females trade reproduction for immunity, then their subsequent reproductive success should be lower than that of vehicleinjected controls, as measured by their likelihood of producing a replacement clutch and the condition of their offspring. In contrast, the terminal investment hypothesis predicts that immune-challenged females should be more likely than control females to produce a replacement clutch, and that their offspring should be in better condition than those of control females. We also determined whether our treatment had an effect on females' allocation towards sons and daughters because sex-allocation theory predicts that maternal condition or reproductive effort should influence allocation towards each sex [24, 25] . In our study population, the effect of mass on future fecundity is sex-specific: heavier sons out-reproduce lighter sons as adults, whereas the less-variable fecundity of daughters is less strongly related to their mass and environment as nestlings (E. K. Bowers 2009 Bowers -2011 . Thus, we predicted that, if immune-challenged females trade reproductive effort for self-maintenance, then they should bias their subsequent allocation towards daughters rather than sons as their ability to produce high-quality offspring is reduced, because poor-quality daughters should have higher fitness than poor-quality sons; however, if immunized females increase reproductive effort consistent with the terminal investment hypothesis, then they should preferentially invest in sons to produce high-quality males of high reproductive value.
METHODS
(a) Study species and site House wrens are small (10-12 g), migratory songbirds that are sexually monomorphic in size and plumage. Males return to the study area from their over-wintering grounds in April and select and defend a nest cavity in which they begin nest construction. The later-arriving females select a mate and complete nest construction before laying a clutch of four to eight eggs. Approximately half of the females that complete a successful breeding attempt in May attempt a second brood in the study area [5] , with peak egg production in early May for early-season broods and early July for late-season broods. House wrens are well-suited to study sex allocation because females routinely differentially invest in sons and daughters in association with a variety of social and environmental conditions (reviewed in Bowers et al. [26] ). See Johnson [27] for more on house wren biology.
Our study population breeds at the Mackinaw study area, a secondary deciduous forest bordering the Mackinaw River in McLean County, IL, USA (40840 0 N, 88853 0 W). This site has 700 nest-boxes distributed along northsouth-oriented transects ( fig. 1 in DeMory et al. [28] ); details on nest-box materials and dimensions are described elsewhere [29] .
(b) Procedures and experimental design Beginning in mid-June 2010, we checked nest-boxes regularly for female settlement. After females completed their lateseason clutches, we captured them 3.1 + 0.1 (mean + s.e.) days into incubation and randomly assigned them to a control or experimental treatment. We injected control females (n ¼ 27) intra-abdominally with 50 ml of phosphate-buffered saline (PBS) and experimental females (n ¼ 28) with 50 ml of PBS containing 0.1 mg Â kg body mass 21 LPS (from Salmonella enterica serotype typhimurium; Sigma, prod no. L7261). LPS is derived from the outer coat of Gram-negative bacteria and is commonly used to challenge the immune system in ecoimmunological studies [16, 18220, 30] . After injection, we failed the female's nest by collecting the eggs and subsequently determined whether they laid a replacement clutch (i.e. re-nested). Forced re-nesting allows time for females to develop an immune response [31] . There were no differences between control and experimental females in their pre-injection clutch size (t 53 ¼ 0.02, p ¼ 0.981), body mass (t 53 ¼ 1.29, p ¼ 0.204) or the proportion that had already bred on the study area prior to our experiment (proportion that attempted to produce a brood: x 2 ¼ 0.05, p ¼ 0.826; proportion that successfully fledged young:
For females that re-nested, we monitored the growth of their nestlings and, 11 days after hatching began, weighed nestlings to the nearest 0.1 g on an electronic balance and measured their tarsus length to the nearest 0.1 mm with dial callipers. At this time, we also drew a blood sample (approx. 50 ml) from each nestling's left brachial vein, storing them on ice until return to the laboratory, where we separated the plasma and red blood cells by centrifugation at 1610g for 60 s. Because nestlings cannot be sexed using external morphology, we preserved their nucleated red blood cells for later DNA extraction and sexing using the polymerase chain reaction (details in Bowers et al. [26] ). A portion of the plasma was used that day for a bactericidal assay by incubating approximately 200 colony-forming bacteria with and without nestling plasma overnight, and using the proportion of colonies killed on the plates containing plasma relative to those without as our measure of bactericidal activity (further details in Forsman et al. [32] ). We froze the remaining plasma at 2208C until later determination of LPS antibody levels, which we quantified using ELISA. We coated 96-well, polystyrene plates with 100 ml of a 20 ml Â ml 21 solution of LPS in PBS and incubated them overnight at 48C. We then washed each well three times for 3 min with 200 ml of a buffer solution (PBS-T) containing 1 per cent PBS, 0.05 per cent bovine serum albumen and 0.01 per cent Tween buffer. Plasma samples were diluted 1 : 25 in 100 ml PBS-T, incubated for 1 h at room temperature, and washed as before. Antibodies were detected with 100 ml of a 1 : 100 dilution of anti-bird IgG (Bethyl Laboratories, prod no. A140-110P) in PBS-T and incubated and washed as before. We then washed the plate with 100 ml ddH 2 O and added 100 ml of ABTS solution (Southern Biotech, prod no. 0202-01) to each well. Twenty minutes after adding ABTS, we read the plate at 405 nm using a Powerwave 340 plate reader (BioTek Inc.). Because our primary aim was to measure bactericidal activity, we did not have sufficient plasma remaining to measure antibody levels in all nestlings; thus, our sample size for antibody levels (n ¼ 41) is smaller than for other measures of nestling condition.
After drawing blood samples from nestlings, we administered the phytohaemagglutinin (PHA) skin test as a measure of cutaneous immune responsiveness by injecting the left wing web with 50 ml of PBS containing 1 mg Â ml 21 of PHA (Sigma, prod no. L8754). PHA is a plant-derived mitogen that induces inflammation and swelling upon injection, and large swellings indicate a robust immune response. We measured swelling from the difference between the mean of three pre-and post-injection measurements of wing-web thickness with a digital thickness gauge (no. 547 -500, Mitutoyo America Corp.).
(c) Data analysis We used SAS (version 9.2) for all analyses and all tests are two-tailed. We obtained parsimonious models through stepwise elimination of non-significant (p . 0.1) effects from full models, beginning with removal of two-way interactions. Thus, analyses presented are for reduced models, with interactions reported only where significant. Of the 55 females injected, 29 produced a replacement clutch following failure of their pre-injection clutch (14 control; 15 experimental). We first analysed how the treatment affected control and experimental females by comparing the probability that females would re-nest using logistic regression (PROC GENMOD), and the time elapsed between injection/nest-failure and re-nesting using survival analysis (PROC PHREG). We also analysed the clutch sizes of pre-and post-injection clutches using repeatedmeasures ANOVA (PROC MIXED), the hatching success of post-injection clutches (as expressed by the number of eggs hatched relative to the clutch size) and brood sex ratios using a generalized linear-mixed model (GLMM) with a binary response and logit link (PROC GLIMMIX). Because time-of-season influences whether females produce second broods and the length of time it takes to do so [5] , we included this variable as a fixed effect in each analysis. We also collected blood samples from a subset of control (n ¼ 4) and experimental (n ¼ 6) females upon completion of their replacement nests (mean + s.e. ¼ 28.2 + 1.5 days post-injection) to determine whether LPS or total antibody levels differed between treatments using a two-sample t-test. Unfortunately, adult return rates in 2011 were low, and the only LPS-injected females that returned were those that produced replacement clutches in 2010 (no LPSinjected females that failed to re-nest following our treatment returned); thus, because of the self-selected sample, we did not analyse fecundity in the next breeding season.
We analysed the effect of maternal immunization on nestlings (n ¼ 116 from 25 successful re-nesting attempts) by analysing their mass, tarsus length, a body condition index (residual of a log[mass] Â log[tarsus] linear regression), PHA response (arcsin-transformed), bactericidal ability (square-root-transformed) and LPS antibody levels (logtransformed) using mixed-model ANOVA with nest ID as a random effect. Although nestling morphological data met assumptions of the statistical test, the immunological data were heteroscedastic; thus, we best satisfied the assumption of homoscedasticity by transforming our immunological data [33, 34] . For example, the residual variance among PHA responses was greater among offspring of salineinjected females than those of LPS-injected females (Bartlett's test on raw data: p ¼ 0.01; transformed data: p ¼ 0.08), and also tended to be higher among sons than among daughters (Bartlett's test on raw data: p ¼ 0.15; transformed data: p ¼ 0.53). We tested whether females differentially allocated resources to sons or daughters by including nestling sex in each analysis. In addition to testing for a treatment Â sex interaction, we initially included hatching date, maternal body mass and brood size as covariates in each model along with all two-way interactions, which were removed in backward-iterative fashion if nonsignificant (p . 0.1). For follow-up tests, we used the slice option to compare sons and daughters within control and experimental broods. We used the Satterthwaite degrees of freedom estimation, which can result in non-integer degrees of freedom. 
RESULTS
(a) No effect of treatment on maternal females Immunization with LPS did not influence whether control and experimental females produced a replacement clutch (control: 14 of 27 females re-nested; experimental: 15 of 28 females re-nested; Wald logistic regression: x 2 ¼ 0.00, p ¼ 0.998
(b) Effects on nestling condition and immune function
The effects of maternal LPS injection on offspring phenotype were almost entirely sex-specific, as revealed by interactions between treatment and sex in their effects on mass, tarsus length, body condition index and PHA response (tables 1 and 2). Follow-up tests showed that figure 1c ). Treatment and sex did not interact to influence nestling bactericidal activity or LPS antibody levels, but nestling sex and hatching date interacted to influence PHA response, bactericidal activity and antibody levels among nestlings (table 2), as these measures increased as the breeding season progressed among sons, but not among daughters (figure 2).
DISCUSSION
LPS-and vehicle-injected females did not differ in their likelihood of re-nesting, the time they took to do so, the size of their replacement clutches or their likelihood of breeding on the study area the following summer, suggesting that the immunostimulation did not cause females to trade reproductive effort for self-maintenance. These findings are consistent with a previous study of a similar-sized songbird, the pied flycatcher (Ficedula hypoleuca), that received a dosage of LPS comparable with what we used ( [31] , see also Williams et al. [14] ). The LPS antibody levels of control and experimental nestlings also did not differ, consistent with that previous study [31] , and post-injection LPS antibodies did not differ between control and experimental females when recaptured at their replacement nests. Lack of an effect on LPS antibody levels is not unexpected, considering that the compound is derived from bacteria that animals are continuously exposed to in nature [31] . However, LPS injection is known to cause an immunostimulatory response and to exact physiological costs at concentrations comparable with the one we used [16, 30] . Nonetheless, we observed no direct reproductive or survival costs to LPS-injected females associated with the immune challenge. Our LPS treatment did, however, influence subsequent reproductive performance consistent with the terminal investment hypothesis, as evidenced by increased phenotypic quality of offspring produced by LPS-injected females relative to vehicle-injected females. Sons of experimental females were heavier than offspring of control females, and daughters of experimental females mounted stronger cutaneous immune responses. In most species studied to date, nestling mass prior to leaving the nest is positively correlated with survival and recruitment as a breeder [35] [36] [37] , and with subsequent reproductive performance [38] . In our study population, the effect of mass on future fecundity is also sex-specific; heavier sons out-reproduce lighter sons as adults, whereas the less-variable fecundity of daughters is less strongly related to their mass and environment as nestlings (E. K . Bowers 2009-2011, unpublished data) . Cutaneous immune response, as assessed by the PHA assay, is also a positive predictor of nestling survival in other species ( [39] [40] [41] , but see Butler et al. [42] ). Thus, the increased body mass and condition index of sons and increased PHA response of daughters produced by LPSinjected females should afford them a substantial fitness advantage in that they are more likely to survive and reproduce than offspring of control females.
Our results suggest that investment in sons is optimized via size, and in daughters via immune function. For example, male house wrens experience intense intrasexual competition for territories and sexually receptive females, which are choosy of their potential mates [28,43 -46] , and we recently showed that, although male and female nestlings do not differ in average body mass or size, those fitness-related traits are more variable for sons than daughters with respect to natal environmental conditions [26] . Thus, when hatching among earlier-laid eggs of the clutch provides individuals with a sibling-competitive advantage, maternal females bias sons towards earlier-laid eggs of the clutch and daughters among later-laid eggs [26] . Indeed, if reproductive success is more variable for males than for females, and more strongly dependent upon body condition, large sons should have higher reproductive value than daughters of similar size [47, 48] . However, Leimar [49] has shown that, when maternal quality is passed to offspring, high-quality daughters may have higher fitness than highquality sons if the quality of the sons' mates is variable or uncertain. In other words, high-quality sons may have higher mating success than their sisters, but if they mate indiscriminately and pair with medium-or poor-quality females, then the condition of their offspring may not be as good as those produced by their high-quality sisters [49] . Indeed, individual quality can manifest itself in different forms, which likely differ for each sex. Thus, we suggest that the quality of sons is determined largely by their size, whereas the quality of daughters is determined by their immune responsiveness, particularly given the fact that transgenerational priming of the immune system occurs between females and their offspring ( [31, 50] and this study). Similarly, a recent study of zebra finches (Taeniopygia guttata) reported that mothers injected with sheep red blood cells (SRBCs) preferentially allocated SRBC-specific antibodies to their daughters [51] . Thus, producing large, heavy sons and daughters with enhanced immune responsiveness appears to be an optimal sexallocation strategy, particularly for immune-challenged mothers in pathogen-rich environments.
Apart from the sex-specific treatment effect on the cutaneous immune response of offspring, sons and daughters diverged in bacterial killing ability, cutaneous immune response and LPS antibody levels as the breeding season progressed, indicating that the sexes allocate resources to immunity differently during development. Immune challenge and terminal investment E. K. Bowers et al. 2895 Similarly, Love et al. [52] documented that male zebra finch nestlings have greater cutaneous immune responses than female nestlings, a species in which the sexes also do not differ in size or plumage as nestlings; surprisingly, the sexes converged in this trait as adults. Although earlier hypotheses attributed sex differences in immunity to differences in size or plumage characteristics [52] , that house wrens and zebra finches are sexually monomorphic in size and plumage as nestlings, but differ in immune function, suggests that selection on immunity differs for males and females.
Although some studies have not detected differences in measures of male and female immunity [53, 54] , phenotypic divergence between the sexes during ontogeny is expected when sons and daughters face differing selection pressures [55] . For example, Badyaev et al. [56] recently documented that ectoparasitic nest mites can reduce survivorship of sons to a greater extent than that of daughters in house finches (Carpodacus mexicanus), and although the cause of increased sensitivity of males to parasites is unclear, it may be a general pattern [57 -59] . Thus, increased sensitivity of either sex towards parasites or disease may select for increased immunocompetence during ontogeny, particularly when offspring remain in the nest for an extended period of time [52] . A question that arises, then, is why sons and daughters do not always differ in immune function under normal conditions, as was the case for control broods in this study (figure 1c)? Recent experimental studies from our population demonstrate that, although sons in benign or beneficial rearing conditions grow faster and obtain greater mass and size than daughters in similar conditions, those sons have weaker measures of immune function (comparable with the data in figure 1 ). On the other hand, sons in pooror adverse-rearing conditions grow slowly and are lighter and smaller than daughters in similar conditions, yet they develop strong immune function. Indeed, morphological and immunological measures for female nestlings are generally less variable than for males and less subject to environmental variation (E. K. Bowers 2009 Bowers -2011 . Thus, we suggest that a sex-specific trade-off between growth and immunity may explain, at least in part, why sons and daughters may not noticeably differ in average measures of immunity. This sexually dimorphic variability in immune function may help to explain greater developmental sensitivity of sons than daughters [26, [57] [58] [59] , and is also consistent with the hypothesis that the quality of sons, particularly in polygynous mating systems, is mediated through size and daughters through immune function. Further studies of sex-biased allocation to offspring and sex-specific variability in the immune system across taxa and contexts may provide insight into the evolution of sexual dimorphism in this trait.
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